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Abstract 
Blends of ethylene propylene diene monomer (EPDM) and acrylonitrile butadiene (NBR) with and 
without the compatibilizer polyvinyl chloride (PVC) were investigated by positron annihilation 
spectroscopy (PAS).  In the presence of a compatibilizer, the PAS results show that the size of free-
volume hole (Vf) and its fraction (f %) as well as S-parameter have a linear relationship with a negative 
slope as a function of the weight percentage of NBR suggesting an increased interaction between the 
blend components. Moreover, Vf, f% and S-parameter show positive and negative deviation from linear 
additive rule for blends without compatibilizer indicating a two-phase system.  The broadening in free-
volume hole size distribution by increasing the weight percentage of NBR in EPDM/NBR blend 
without compatibilizer confirm the incompatibility of the blend. From the filling effect of silica on the 
free-volume properties of EPDM/NBR (75% /25%) of the above mentioned blends, it has been found 
that the addition of silica up to 50 phr is the most promising concentration for electrical applications. 
Furthermore, correlations were established between size and fraction of free-volume hole combined 
with the electric and mechanical results.  
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1. Introduction 
In order to predicate and enhance the physical properties of 
blends, it is important to understand the atomic-scale 
microstructure and interactions between the two phases of 
blends. There exist many physical probes for characterizing 
the structure and properties of polymer blend [1]. However, 
only a limited number of probes are available for 
characterizing free-volume properties because of their small 
size. As a matter of fact, positron annihilation spectroscopy 
(PAS) is a sensitive probe for detecting free-volume holes in 
polymeric materials at an atomic scale [2, 3].  
       In PALS, by introducing positrons from a radioactive 
source (22Na) into a polymer sample and measuring the 
lifetime of the positrons, conclusions can be drawn about 
the microstructure properties in the polymer. There are three 
different ways for the positron to annihilate with an electron 
in the sample. Therefore, three lifetimes are generally 
attributed to different states of positron annihilation in the 
following way: first, τ1 which is the short-lived component 
with intensity I1 is attributed to para-positronium (p-Ps); 
second, free annihilations τ2 the intermediate component 
with intensity I2 is mainly due to the positrons  trapped in 
the defects of the crystalline regions or trapped in 
crystalline-amorphous interface regions [4]; third, the 
longest lifetime component which is the orthopositronium 
(o-Ps) lifetime τ3 with intensity I3 has a long lifetime of 
about 142 ns in vacuum, and annihilation occurs with the 
emission of three gamma-rays. However, in polymeric 
materials, Ps is trapped in the potential well of free-volume 
holes. In this case, the annihilation of o-Ps occurs through 
the so-called pick-off [5] reaction in which the positron 
annihilate with an electron of opposite spin at the internal 
surface of the free-volume hole. This process reduces the 
lifetime of o-Ps from 142 ns to typically a few nanoseconds 
(1–5 ns). 
2. Experimental details 
2.1. Materials 
The investigated materials have been supplied by Polymer 
and Pigments Department, National Research Center, 
Dokki, Cairo, Egypt. Ethylene propylene diene (EPDM) 
Vistalon 6505 which is produced by Esso Chem., Germany 
is used with diene (ethyl nonbornene) content 9% and 
ethylene content 55% at a density of 0.86 g/cm3. Butadiene 
acrylate copolymer (NBR) from Bayer AG, Germany with 
acrylonitrile content about 32% and specific gravity of 1.17 
± 0.005 are all used in the experiment as well. Light 
reinforced silica 82% precipitation silicon dioxide with 
specific gravity 1.95 has been employed as filler and loaded 
with 30–90 phr. Zinc oxide and stearic acid from Aldrich 
were used as activator with specific gravity at 15oC, 5.55–
5.61 and 0.9–0.97 respectively. Additionally, the accelerator 
is N-cyclohexyl-2-benzothiazole sulphonamide (CBS), a 
pale-gray, nonhygroscopic powder with a melting point of 
95– 100oC and a specific gravity of 1.27. Besides, the 
phenyl β-naphthylamine (PβN) with gravity of 1.18– 
 
 
1.24 and melting point of 105–106 oC is used as an 
antioxidant. In the same vein, Peroxide functions as curing  
 
agent (IPBP). A quantity of 1, 3 bis (isopropyl) benzene 
peroxide is added to calcium carbonate, trade name 
‘‘Perkadox 14140’’ with density 1.5 g / mL from Aldrich. A 
pale-yellow powder of sulfur element which has a specific 
gravity of 2.04–2.06 provides a curing system. The mixing 
process of the whole previously mentioned components has 
been carried out in a Laboratory two roll mill (470 mm 
diameter and 300 mm working distance). The speed of the 
slow roll is 24 rpm with a gear ratio of 1:1.4. The 
compounded blends have been left over night before 
vulcanization. The vulcanization is carried out in a heated 
platinum press under a pressure of about 40 kg/cm2 and 
temperature of 152oC ±   1oC. 
2.2. Positron annihilation lifetime measurements 
The positron annihilation lifetime (PAL) in polymer blends 
were determined by detecting the coincidences between the 
prompt γ-ray (1.28 MeV) from the nuclear decay that 
accompanies the emission of a positron from 22Na 
radioisotope and the annihilation γ-ray (0.511MeV) inside 
the material using a conventional fast–fast coincidence 
lifetime spectrometer. The time resolution of the 
spectrometer, as measured with 60Co, is 230 ps for the full 
width at half-maximum (FWHM). A 20-µCi of  22NaCl 
positron source, held between 7µm thick Kapton foil was 
sandwiched between two similar pieces of the sample under 
study. For each spectrum, it contains 106 total counts. The 
measured lifetime spectra can be normally resolved into a 
number of exponentials, each representing an annihilation 
process with a mean lifetime (τ) and a relative intensity (I). 
All spectra are fitted with three lifetimes with the computer 
program PATFIT [6]. The shortest component (τ1 and I1) is 
related to p-Ps annihilation, the intermediate component (τ2 
and I2) is related to the annihilation of free positrons, and 
the longest one (τ3 and I3) is the o-Ps component. 
      Theoretical models [7] relate the o-Ps lifetime to the 
free-volume hole size in which the o-Ps is annihilated. 
According to this, positronium (Ps) is assumed to be 
localized in a spherical potential well having an infinite 
potential barrier of radius R0 with an electron layer in the 
region R < R0. The models predict the connection between 
τ3 and the free-volume hole (spherical) size. Assuming the 
annihilation rate of o-Ps inside the electron layer is 2 ns, 
which is the spin averaged annihilation rate of p-Ps and o-Ps 
which is also very close to the annihilation rate of Ps [4]. By 
using this model, the o-Ps annihilation rate as a function of 
free-volume radius R is then given by:  
)]2sin(
2
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3
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       (2.1) 
Where Ro = R +  ∆R, ∆R representing the thickness of the 
electron layer (= 0.1656 nm) [4]. 
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    The fractional free-volume (f) can be determined from the 
lifetime measurements. The relative intensity of o-Ps 
lifetime component, I3 is assumed to be proportional to the 
number of free-volume holes because it gives information 
about the o-Ps formation probability. The fractional free-
volume (f%) is expressed as an empirically fitted equation 
as [7] : 
 
     3IAVf f=                                                                                        (2.2) 
where Vf (Ǻ) 3 is the volume of free-volume holes calculated 
by using the spherical radius as 3
3
4 RV f pi= , and A is 
empirically determined to be 0.0018 from the specific 
volume data [4]. 
2.3. Doppler broadening of annihilation radiation 
measurements 
   The Doppler broadening measurements are performed 
using hyper-pure germanium detector. The measured 
FWHM is established to be 1.2 at 662 keV of 137Cs. The 
energy dispersion of  
the equipment is 0.049 keV per channel. The number of 
channels which is included in the annihilation peak area is 
300. The used positron source is 15 µCi of 22Na. It is 
deposited on Kapton foil and sandwiched between two 
identical pieces of the sample. The total number of counts in 
the measured spectrum is ~ 106. From Doppler Broadening 
spectra, S-parameter is measured as the number of counts 
that is found within an energy interval of 1.3 keV and 
centered as the peak of the annihilation line. The line-shape 
S-parameter represents the probability of annihilation of 
positrons with valance electrons, and it was given as the 
area of the central part of the spectrum (low-momentum).  
Mechanical measurements 
Both stress and strain at yield were carried at room 
temperature on a tensile testing machine, Zwick 1425, 
according to ASTM (D412-98a, 1998).  
3. Results & discussion 
Free-volume parameters in initial polymers 
The o-Ps lifetime τ3 and its intensity I3 are the parameters 
which vary as functions of the chemical structure and the 
composition of polymers [1]. They are used to evaluate the 
size of free-volume holes (Vf) and its fraction (f) (see 
equations 2.1 and 2.2). On the other hand, the measured 
Doppler broadening S-parameter is mainly determined by 
the concentration of free-volume holes in polymers which 
are very effective positron trapping centers [8]. The free-
volume hole parameters of initial polymers are listed in 
Table 1.  
The results show that NBR has a smaller size (Vf) of free-
volume holes with low fractions (f) that is smaller than the 
corresponding free-volume values of EPDM. The smaller 
values of free volume parameters in NBR could be 
interpreted in terms of molecular structure and its packing in 
the polymer. The triple bond between C and N in NBR 
restricts the free rotation leading to a reduction in free-
volume parameters. This means that the main chains of 
NBR are tightly packed so as to reduce the intermolecular 
spaces in the amorphous regions [9-11].  Moreover, the 
polarity of nitrile group (C=N) in NBR polymer is known to 
be an electron-attractant and thus it reduces o-Ps formation 
which indicates the existence of low fractions of free-
volume holes [10]. In addition, the measured S-parameter, 
which is a measure of Ps formation, has a strong correlation 
with the free-volume  
 
concentration. The lower free-volume fractions in NBR lead 
to a lower concentration of low-momentum part of the 
positron–electron annihilation radiation. This low-
momentum part results from sub nanometer defects such as 
free-volumes, and this causes a decrease in S-parameter in 
NBR more than in the corresponding value in EPDM.  
Free-volume hole size and concentration in EPDM/NBR 
blends 
    The Ps atoms probe the local molecular environment. As 
a result, the free-volume can be detected. The behavior of 
the positron parameters as a function of the polymer blend 
composition has been explored as possible criteria in 
understanding the interaction between the blend components 
at molecular level [12]. In this study, we consider only the 
o-Ps lifetime (τ3) and its intensity (I3) to understand the 
changes in free-volume properties (Vf and f) of the blends 
with and without a compatibilizer.  
    The variation of Vf, f, and S-parameter with the weight 
percentage (wt%) of NBR in the EPDM/NBR blends with 
and without compatibilizer (PVC), is shown in Figs .1 and 
2. Previous works determine that some blends have shown 
negative deviation from the well-known linear additively 
rule [1, 12] and are thus concluded to be miscible whereas 
some other data exhibit positive deviation and are concluded 
as being immiscible [13].  
 
         Table 1. Free-volume parameters in initial polymers. 
 
 
 
 
 
 
Polymer τ3 (ns) I3 (%) R (Ao) Vf (Ǻ)3  f (%) S-parameter 
NBR 1.781 ±0.011 15.809±0.134 2.63±0.0009 76.8 ±0.5 2.18 ±0.04 0.3550 ±0.0005 
EPDM 2.083±0.022 21.165±0.122 2.92±0.6 104.4±0.6 3.98 ±0.08 0.4032 ±0.0004 
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It is clear from Figs. 1 and 2 that the average size (Vf) of 
free-volume holes and its fraction (f) as well as S-parameter 
decrease with increasing concentration (wt %) of NBR in 
the blends with and without compatibilizer. This decrease in 
the free-volume parameters is due to the corsslinking of 
molecular chains. However, the interaction between EPDM 
and NBR is much poor than that between EPDM and NBR 
with compatiblizer (PVC). In the presence of compatibilizer 
(PVC), there is a continuous decrease of free-volume 
parameters (τ3, Vf, I3, f and S-parameter) with increasing 
NBR concentration (wt %) in the blend. This probably 
happens due to the stabilization of the blend morphology by 
the compatibilizer (Fig.1.). Besides, this variation of the 
free-volume parameters of the blend has a negative 
deviation from linear additively rule which indicates 
compatibility of this blend. However, at low wt% of NBR in 
the NBR/EPDM blends, some NBR molecules must be 
retained in the EPDM matrix and they also can enter the 
free-volume holes of EPDM matrix during the formation. 
This leads to a decrease in free-volume hole size in the 
EPDM matrix.  When the wt% of NBR increases, the NBR 
chain segments become apt to migrate into the free-volume 
holes of the EPDM matrix during blend formation because 
of the strong interaction between NBR and EPDM due to 
the present of the compatibilizer. The compatibilizer seems 
to reduce the interfacial tension and suppress the 
coalescence behavior. In addition, the presence of the 
compatibilizer at the blend interface broadens the interfacial 
region through the penetration of the polymer chain 
segments in the corresponding phases. 
The dotted line represents the linear additive relationship. 
   In the case of the NBR/ EPDM blend without 
comptabilizer (Fig.2.), the size of free-volume holes is 
fluctuating from a positive deviation at low weight percent 
of NBR (25%) to a negative deviation at high percent (75%) 
of NBR. The linear relationship of initial polymers in 
EPDM/NBR blends confirms the incompatibility of these 
blends. This fluctuation is due to a fluctuating level of 
interfacial interactions which results from the trapping and 
detrapping of positron and positronium between free-
volume holes and interfaces [14]. Also, it could be 
interpreted as follows: since NBR and EPDM are dissimilar 
polymers, the physical and chemical interactions across the 
phase boundaries are usually very poor which leads to a 
weak interface. This weak interaction between two 
dissimilar polymer molecules takes place in the regions 
between two amorphous regions indicating that this 
EPDM/NBR blend is incompatible [15].  The increase in the 
free-volume hole size of the blend at 25 wt% of NBR is 
possibly due to coalescence of the smaller free-volume hole 
of NBR with the large size free-volume of EPDM. As a 
result, there is a possibility of finding a bigger void 
formation at the interface. This means that an increase in the 
free-volume size of the blend occurs. And this increase in 
the free-volume size of the EPDM/NBR blend is mainly 
attributed to the poor interfacial adhesion and poor 
compatibility.  
 
 
Fig.1. (a) O-Ps lifetime (τ3) and hole size (Vf), (b) O-Ps 
intensity (I3) and relative fractional free-volume (f), and (c) 
S-parameter as a function of wt% of NBR in EPDM/NBR 
with compatibilizer.  
 
    
The differences in the free-volumes due to the 
blending between the two polymers can be seen more 
clearly in the free-volume hole size distributions. These 
distributions are extracted from positron lifetime spectra, 
and give us an indication of the blend compatibility on 
molecular scale [13]. The computer program LT 9.0 [16] is 
used to allow log normal distribution of the long time of 
annihilation rate (λ3 = 1/τ3), and the results of the free-
volume probability density function Vf (pdf) are shown in 
figure 3 (EPDM/NBR without comptabilizer is taken as an 
example). In the figure, it is observed that at 50% and 75% 
NBR the distributions are shifted to the right indicating the 
nonhomogenity of these compositions. Hence, an 
incompatible blend is expected to exhibit a broader 
distribution as a consequence of the different interfaces 
present in the blend. The broadening is observed at 75% 
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NBR. The observed trends are consistent with the results 
obtained by finite lifetime analysis (Fig. 2.).  
  
 
  
Fig.2. (a) O-Ps lifetime (τ3) and hole size (Vf), (b) O-Ps 
intensity (I3) and relative fractional free-volume (f), and 
(c) S-parameter as a function of wt% of NBR in 
EPDM/NBR without compatibilizer. The dotted line 
represents the linear additive relationship.  
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Figure 3. Free-volum e hole size distribution of EPDM /NBR blend 
without com ptabilizer at different wt%  of NBR.
 
 
Fig.3. Free-volume hole size distribution of EPDM/NBR 
blend without compatibilizer at different wt% of NBR. 
 
 
 
Free-volume properties of EPDM/NBR (75/25) with silica 
contents 
     A filled polymer differs substantially from a pure one 
over a wide range of properties. The presence of filler 
affects the properties of the blend such as electrical, 
mechanical, and free-volume properties of the blend [17]. 
The variation of free-volume parameters (Vf and f) as well 
as S-parameter with silica content from 30 phr up to 90 phr 
in EPDM/NBR (75/25) blend with and without 
compatiblizer (PVC) is shown in Fig. 4 (a, b).  It is evident 
from this figure that the free-volume parameters and S-
parameter are reduced as the silica content increases in the 
blend. In Fig.4 a, we can see that the blend has 
comparatively decreased in free-volume parameters (Vf, f 
and S-parameter) due to the presence of compatibilizer 
(PVC) which is necessary to saturate the interface region of 
polymer blends. This means that the addition of silica 
changes the crosslinking density of the blend and inhibits o-
Ps formation by providing an additional positron interaction 
mechanism, which competes with Ps formation in the blend. 
In addition, the silica particles fill some of the holes in the 
blend matrix leading to a decrease in both Vf and f [18, 19]. 
However, positrons may be annihilated in the silica, and 
thus the number of positrons available to form Ps in the 
blend is reduced with an increasing amount of silica. This 
suggestion is confirmed by decreasing S-parameter with an 
increasing amount of silica. 
 
  
Fig.4. Variation of Vf, f and S-parameter with the silica 
content (phr) in the 25/75 NBR/ EPDM blend, (a) with and 
(b) without compatibilizer.  
    
      In case of EPDM/ NBR without compatiblizer, one can 
observe from Fig.3 b, that Vf does not change by adding 
silica until 40 phr. This indicates that the addition of silica 
filler does not change the size of the free-volume in this 
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blend.  Moreover, the values of f are affected showing 
fluctuating changes by adding silica up to 60 phr. The 
addition of more silica creates new positron trapping sites at 
both silica–polymer interfaces and at the matrix leading to 
an increase in all positron parameters as shown in the figure 
4b. The high values of S-parameter which result from the 
addition of silica particles up to 50 phr indicate that the 
chance of positron and positronium annihilation with low-
momentum electron increases. This suggests the possibility 
of having high-electron momentum density distribution up 
to 50 phr.  
Correlation between the free-volume parameters and the 
electrical and mechanical properties in the blends 
Because the electrical and mechanical data for EPDM/NBR 
blends have been published already [17], only some results 
will be given here:  
Fig. 5 (a-f), shows the correlation between ε at 1 KHz, 
strain, stress   and free-volume parameters (Vf and f) of 
EPDM/NBR (75/25) blend with and without compatibilizer 
loaded with silica. In EPDM/NBR blend with compatibilizer 
(Fig. 5 a-c), the free-volume parameters are linearly 
correlated with the ε , strain and stress with a negative slope. 
Both Vf and f decrease with increasing silica content (phr) 
which leads to increasing ε, strain, and stress.  
       
 
 
Fig. 5. Correlation between the strain, stress, ε and free-
volume parameters (Vf and f) in the 25/75 NBR/EPDM 
blend loaded with silica (a-c) with compatibilizer, (d-f) 
without compatibilizer.  
 
       In case of EPDM/NBR without compatibilizer (Fig. 5 
d-f), ε and stress increase while strain decreases by 
increasing the silica content in the blend.   
     This is due to the redistribution process of the silica 
within the polymer matrix which leads to the orientation of 
chain segments in which the segments tend to align 
themselves in more ordered arrangements. These results 
confirm the previous one that the addition of silica in the 
blend provides an additional positron interaction mechanism 
which competes with positron formation in the blend and 
leads to a decrease in free-volume size with different 
concentrations. Also, it is confirming the previous study 
[17] which concluded that the addition of silica improved 
the mechanical and electrical properties of these blends.  
 
4. Conclusion 
Compatibility of EPDM/NBR blend with and without 
comptabilizer as a function of the weight percentage of 
NBR is studied by PALS and DBAR measurements. The 
free-volume parameters (Vf and f) and S-parameters of 
EPDM/NBR blend with compatibilizer show a linear 
relationship with a negative slope as a function of the 
weight percentage of NBR, which confirms the 
compatibility of this blend. On the other hand, these 
parameters show fluctuating positive and negative 
deviations from the linear relationship of initial polymers, 
and this confirms incompatibility of the EPDM/ NBR blend 
without compatiblizer. The addition of silica causes a 
decrease in the free- volume size and its concentration as 
well as the S parameter.  The addition of silica to an 
EPDM/NBR blend leads to the formation of new industrial 
polymer blends that possess promising mechanical and 
electrical properties. The complicated variation of free-
volume hole size and the concentration of the incompatible 
blends which has been observed by PAS is a result of the 
high-sensitivity of the positron and positronium atom ; it is 
not only sensitive with free-volume holes but also with any 
interfacial spaces. 
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